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ABSTRACT 

Calculations have been made on the production of Itlightil 
isotopes in a homogeneous pile and their possible poisoning effectso 
It appears to be improbable that a large poisoning loss will occur as 
a result of the products of nuclear reactions on the tllight" isotopes 
in the pile. The physical constants of some of the isotopes produced, 
however, require further investigation in order to be assured of their 
negligibility. The amounts of several isotopes of general research 
interest, whic'h will be produced in relatively large quantities have 
been calculated. 

\ 
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A preliminary survey has been made on the production of !!light" 
isotopes as a result of nuclear reactions in the proposed homogeneous 
unit 0 This has been done for three 'reasons: (1) to calculate the poi= . 
SOning effect of those isotopes whose physical constants are knOWO.!1 

(2) to estimate the possible poisoning effect of those isotopes whose 
physical constants are partially or completely unknown in order to in
dicate which ones warrant further investigation~ and (3) to indicate 
some of the isotopes of general research .interes t which may be produced 
in appreciable amountso 

The term "light" is used to distinguish the isotopes in this 
study from the so=called "h~avy" isotopes, it,e" elements -of atomic number 
greater than 90<, The !flight" isotopes considered are those formed froin 
the chemicals of the reactor solutions~ the structural materials of the 
reactor tankl> and the catalyst added to the solutiono The products of 
nuclear reactions with the fissionable material itself» the fission pro= 
ducts and the "heavy" isotopesJj have not been included in these calculations, 

S~ce preliminary calculationstl ) showed that the yields from 
alpha and deuteron reactions would be extremely low~ detailed calculat:i.ons 
were made for l1eutron react:'ions only (see Tables 1 - 4)" The direct PJ('o= 
ducts and the decay products of (n; lr), (n, 2n), (n, p), and (n~~ 1"0= 

actions with all the stable isotopes involved ~ere determinedo Th~ 
poisoning effect or the cross=sectiont.o give a poisoning effect(2) of 
0001 was then calculated for the products of these reactions and the 
daughters of these products" 

IL ISOTOp.§§ STUDIED 

At the present time two types of reactor solutions$ two cat
alysts, and four tank construction materials are under consideration~ In 
evaluating all of them a total of 29 isotopes must be considered as the 
starting points for the nuclear reactions" 

From the two types of chemical solutions, (1) 0,,1 M NaDC03 an.d 
(26 001 M D?504'2the following isotopes re contributed: Na23, C12

J> c13, 
61 ~ 017, oI8~ H » 832, S33, S34J> and S3 0 From the two catalysts~ 
palladium and pl~tinum, the following isotopes'are fontributed: pt192a 
:Ptl~4, pt195,- pt l.9b, pt198, Pd102, Pdl04~ Pdl05, ,Pd,o.b, Pdl.08 and Pdlll.,,'o 

The four possible structural materials" ber;yillium, aluminum, 19ad, and. 
columb~OOJ contribute the isotopes Be9, A12'7, Cb93, Pb204, Pb20 , Pb2o.7 ff 
and Pb " 

(l)see Section VIc 
l2)For definition see Section IV" 
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IlL ~THODS Qf..CALCULATION 

The number of atoms of an isotope fonned by a single r€action 
in the unit can be given by the following equation: 

where: 

, - nt 
. N E ~ (l-e ) (1) 

N refers to the number of product atoms fonned. n refers to the decay constant of the product isotopeo 
f refers to the neutron flux of the pile", 
M refers to the number of atoms of the isotope exposed 
to the bombardmento 
~refers to the effective cross-sect~~n for the reactiono 
t refers to the length of time the isotope is bambardedo 

In the case of an isotope of relatively long ha1f=l.ife (loCo 
il is small) SI equation (1) simplifies' to: ' 

N ::. f (f')4t (2) 

In case ofa relatively short lived isotope, an equilibrium 
value is rapidly approached which is given by the expression: 

N ::;; fo-.M 
~ 

(3) 

The production of daughter isotopes by decay of these prjmary 
isotopes was calculated by the famUiar equations" (cfo Rutherford, 
Chadwick and Ellis) E.quations (2) and(3) were the principal "nes used 
to calculate the amounts of isotopes formed in the unite 

The term "poisoning lossll, p, is here arbitrarily defined as 
the ratio of neutrons absorbed by the poisoning material to those which 
react with U235 to cause £i8Biono This leads to the following formulation 
of the poi$oning loss: 

where: 

p l1P x Up 

<1f x Hf 

(4) 

~ is the cross-section of the poisono 
P is the number of atoms of the poison exposed to th~ bombardment. 'J.f is the cross~section for fission of ,the fissionable materiaL 

M~ is the number of atoms of the fissionable material" 

It is assumed that the poison and the fissionable material will both be 
exposed to}the same neutron fluxo Since tne denominator of the equation 
is knownt3s the poisoning loss for any isotope can be estimated if the 
cross-section of the poison and the number of atoms of the poison present 
are known or can be calculatedG 

GJFor U235 Cif :: 545 barns and M :;; 4Q4 molese 
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In general, the neutron cross-section of stable iaot,opes can 
be estimated, whereas those of radioactive isotopes are unknowno 

In the case of the (n, 'If) reacti.)n on the stable isotopes" 
the calculations were straight=forward when the isotopic cross~section 
was known 0 ',',hen the isotopic cross·~section was not knvwn but the total 
absorption cross-section of the element was knowns the cross=section 
which was used for the individual isotope was the maximum which it 
could have" ioeo assuming that the cross=section determined for the 
element was due entirely to this particul~r isotope(4)o 

V,hen the cross-section for the primar~y reaction was known but 
the cross-section of the radioactive product was unknown, the cross
section for the product isotope which would prE>duce a poisoning loss of 
Oooi was calculatedo This quantity is shown in the table,so Thus, when 
the number of atoms and the cross-section of the original stable i:30tope 
are known, the poisoning effect for the stable isotope and t.b.e c:ro:~s-sec
tion to give a poisoning effect of 0001 for the radioactive product. 
can be calculated (if the half=lifeis known or assumed)", 

.. 

In general,; if the primary reaction is other than (n, If), ioeo,ll 
(n, p); (n, 2n), and (n,~), the croas-section is not known, and hence the 
poisoning loss can not be calculatedc In these cases the poiSOning effects 
of the stable isotopes and the radioactive products were estimated as 
followss If 0. is the cross~section for the primary reaction and 0-2 is 
the total neut:J,n absorption cross-section of the product of thi6 reaction, 
the poisoning loss divided by G11Jl It P Ii was calculated if t12 was knowno 

0, 
Ut?'"'2 was not known, then the c:1"'1 <1"21whiCh would give a poisoning loss 
of 0,,01 was calculatedo Since tIle cross-section:::r'l rarely e.x.r;eeds 1 barn 
and will, in general ll for the neutron energi.es encountered~ be a small 
fraction of 1 barn, the calculated values of .-2- will represent the 

. t:r.; . 

maximum poisoning loss the isotope might prOduct and the' calculated values 
of ~l ~ will represent the minimum vallle of c;;?"""2 'which will give a poi-
soning 10'ss of 00010 . , 

In a number of cases, as yet undiscovered isotopes were assumed 
to have formedo ,Since their half-lives were unknown, they were assumed 
to be long=lived, making their poisoning effect a maximum" HOwever, 
daughters of such isotop~s wer~ assumed to form as if the parent isotope 
was short-lived, again to maximize the poisoning effecto 

The poisoning effect of short-lived material was calculated for 
the equilibriurn concentration of that isotope. For the long=lived material 
the poisoning effect at the time of its maximum concentration, ioeo, 30 
days for isotopes in the solution and two years for the isotopes in the 
structural material, was calculated. 

(4) c:r;ax for the individual isotope :;: Oa (for element) 

isotopIc abundiance
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. Values of physical constants were taken principally from the 
Project Handbook~ 

It is pertinent to note that in general a neutron 10s3 will not 
be sustained from reactions such as (o{~ n), (d, n), (n, 2n) where a 
neutron is emitted following the capture of the incident particleo Even 
if the isotope produced by this re~ction possesses a high neutron cross= 
section, there will be no net loss of neutronso Only if the product of 
the second reaction in addition has an extremely high cross-section will 
a neutron loss be experiencedo Thus a reaction of the type H2(d, n)He3 
would not adversely affect the neutron economy, and would probably have 
a beneficial effecto 

For these calculations the values of the cross-sections for 
thermal neutrons only were usedo The effective cross-section in the unit 
might, therefore, vary appreciablyp depending upon the degree of resonance 
absorption as a result of the difference of the actual neutron energy 
from the thermal energyo Furthermore, in these calculations the neutron 
flux was consider~d to be equivalent for all isotopeso In reality, the 
neutron flux would drop rapidly in passing outwards from the center of 
the reactor solutionQ The calculated results for the isotopes in the 
structural material will, therefore, tend to be high by a factor of abQut 
two or three" 

lV;., ASSUMED OPERATING CONDITIONS 

Operating conditions were assumed to be as follows: 

(1) A U235 concentration of l~OJ gllo 

(2) A total volume of 1000 10 

. ('3) A total power level of 10 megawatts, giving an average 
slow neutron flux of 108 x 1014 neutrons/sec/cm2o 

(4) A spherical shaped boiler 51" I"D~ using one of the 
following construction materials: 1" thick beryllium, 0" J em of alwninum, 
003 em thick lead backed by 003 cm of aluminum, or OoOJJocm of columbium 
backed by 0 0 3 em of aluminum" 

(5) The chemicals in the boiler solution being either 0".1 M NaDC0
3 or 001 M D2504Q 

(6) Catalyst concentrati.on being 50 m.g of either palladium or 
platinum per liter present as a colloidal suspension in the solutionc 

(7) Complete purification of the reactor solution at. i.ntervals 
of 30 dayso 

(8) Tank construction materials changed after a period of 2 years~ 
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> Vo NUCLEAR :RE.ACTIONS INVOLVING CHARGED PhRTICu.;s 

Because of the presence of U235 and pu239, both of which decay 
by alpha emission, a nwub~r of alpha projectile react~ons are conceivableo 
Assuming th2~ the uranium in solution will be 5O';t U23 and 50% U235• and 
that the Pu 9 will be allowed to fonn and accumulate for 30 days~ the 
U235 will give rise to 75 alpha diaint~gration/sec/cc~ and the pu239 
about 105 disintegrations/sec/ccc (U2J4 will give rise to eac 2000/sec/cc}o 
Since, however, the alpha particles will lose their energy extremely 
rapidly through ionization processes in the solution, the alpha flux and 
hence ,the production of isotopes by alpha reactions will be esaentially 
negligible" . 

Deuteron reactions are also conceiv&ble as a result of the 'produc~ 
tion of these projectiles by recoil of the deuterium present in t.he solu
tion from collisions with the fast neutronJ5)o In this process the deu
terium gains energy from the fast neutrons in average increments of 
approximately E/2 where r. is the· energy of the impinging neutrono According 
to cal~ations by Ho Soodak of the l'hysics Division, it appear5 that 
ca~ 10 deuterons/sec/cc of ener~· above 005 mev will be produced jn the 
solution" The life time of a fast deuterou' in the solution is appro.ximately 
10-11 secondso It thus follows that cao 1010 f~st deuterons/sec/cm2 is. the 
maximum flux th~t can be expected with a small 1'l"action of the deuterons 
having energies above 1 mev.. Using this value as the deuteron flux and 
considering one ba.rn af,) the max.im.um cross-section' obtainable under t~ese . 
conditions for the deuteron reaction" it can be shown that H2 and 01 are 
the only iaotopes present in sufficient quantity to fann a product which 
might cause an apprecialbe poisoning., (It was further assumed that no 
isgtope th~t might form would have a neutron cross-section in excess of 
10 barns 0 ) . 

The (d, n), (d,p) and ld,O\) reactions are those most likely 
to take plaeeo 'I'he (d ll nJ reaction which might be expected to occur to an 
appreciable extent would not adversely effect the neutron econamyo The 
~d, p) reaction would give rise to the same product as an (nj 7SJ reactit..>n; 
the latter occuring in relatively much greater yield" The high coulomb 
barrier for the (d,~) reaction together with the relatively low energies 
of the deuteron projectiles effectively serves to min~ize that reactiono 
For these reasons and the sc~city of accurate data, no detailed cal
culations were performed for the isotopes produced by charged particle 
reactions 0 

VI" :r.t.JJULbTION Of R.E§ULTS 

In tabulating the results l the importance of the various isotopes 
is compared by calculating one of the following; (1) the. poisonir~ loss 
(2) the cross-section renuired to give a poisoning loss of 0001, (3) the 
product <1i 02 required to give a poisoning loss of 0001, or (4) the 
quotient p/61o The choice of the expression used for comparison depends 

{ ~Fast deuterons, up to energies of 8=10 mev, may be prodJ.lced by Gollisi;~is 
,~ith fission frag:n.entsa Thls source would not be expected to furnish 
enough deuterons to produce a significant number of reactionso 
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on the physical quantities which are unkno'Wn. The relative im)ort",nce 
of an isotope is ascertained by the size of the poisoning loss or the pro
b~bility of its having the cross-section (or cross-sectior~) calculated~ 
For example, .a cross-section of 102 barns would be extremely unlik.ely 
for an (n, C:i\.) reaction but relatively probable for an (n.'l ({) reactiono 

Vvhenever pl"'..;.cticable, any uncertainty present in the data.!' is 
reflected in ~he tabulated results in such a manner as to present the 
max~num effect on the chain reactiono 

In Table 1, the number of moles of the isotope present in the 
unit is tabulated in column 20 The isotopic cross-section is listed in 
column :3 when knQwn; othel"'Wise the maximUm c:'oss-section the isotope can 
have is listed(6J a The poisoning loss of the stable isotope x 100 is 
listed in column 4" The product of the (n, 'If) reaction and its hali'= 
life is listed in columns 5 and 6 respectively. In column 7, the neutron 
cross~section which the isotope in column 5 must have to cause a poisoning 
loss of 0001 is. shown. . The decay products and half-lives of the isotope 
/in column 5 a»e listed in columns 8 and 9 respectively, The isotopic 
cross-section is listed in column 10 for the final stable isotopeo In 
column 11, the poisoning loss x 100 of this final product is calculated 
for those cases where the neutron cross-section can be estimatedo In 
column 12, the cross-section which the isot'ope must have to gille rise to . 
a poisoning loss of 0001 is calculated for those isotopes for which no 
cross-section data are avail~bleo 

In Table 2, colwnns 2 and :3 list the product of an (n, 20) re
action on the isotope in column 1 and its half-life. Column 4 lists the 
product of the two cross-sections which the isotopes of columna 1 and 2 
must have to give rise to a poisoning loss of 00010 The decay products 
and their half-lives are listed in columns 5 and 6" The isotopic CI'OSS

section is listed in column 70 In column 8" the poil;ioning loss :x 100 
divided by the cross-section for the (nll 2n) reaction is calculated for 
those c:;,ses \'9here the isotopic cross-section in column 7 can be estiJo.ated. 
In column- 9, the product of the cross-sections of the isotopes ill columns 1 
and 5 necessory to give a poisoning loss of 0001 is calculated. . 

In Table 3, col~ 2 and :3 list the pI'oduct of an (n .. p) re
action and its half-life.· Co'lumn 4 lists the products of the cross=sections 
of the isotopes in columns 1 and 2 necess~,ry to give rise to a poisoning 
loss of O~OL, It was not necessary to make any further calculc.tions for 
this table due to the fact that all the isotopes fonned through the 
(n, p) reaction invariably decayed by beta emission b~ck to the original 
isotope 0 

In Table 4, columns 2 and 3 list the product of the (n,ll~) re
act,ion and its hali-lifeo Coluznn 4 lists wherever known the isotopic 
cross-section of the isotope in column 20 Column 5 lists the poisoning 
loss x 100 divided by cros5-8ect~on of.the-(n,d\) ~action~ ~; and . 
column 6, the products that the ~sotop~c cros~-sect~on of the ~sotopes ~ 
columns 1 and 2 m-ust heve to give rise toa poisoning loss of O.Olu In 

\l)r--=---:-7=------------~ O-;ax e 0; 
-17s...;o~t ..... op-~-;-· c-a~bun~d-an-ce 
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Table 1 

. Poieo!dng Ettect. Caused by' (n, T) Reaction. 

1 a 3 4 5 6 7 ., 9 1Q 

A. \ •• l~lea) (7"botopic\.L' Poieoning A" 1 'l~ ot ~lIbich DeC47 Products D3 or cr lootopicU1 

(barns) (barns) 

I 
I 

I 
I 

Z of Isotope 

\ zA 

. 23 
UNa 100 

6r:P 99 

6cl
3 I 1.1 

rP16 

I 55,000 

017 21.4 8 

112 80 

2 
IH " 110,000 

16
332 

S33 
16 

S34 
.16 

36 
16S 

4 
Be9 

13
Al27 

Cb93 
41 

Pb204 
82 " 

82
Pb206 

S;zPb
207 

S2Pb20S 

pi02 
46 
46Pdl04 

46Pdl05 

46
PdlO6 

l,6Pd1OS 

46
PdllO 

95 

0.74 

4.2 

0.016 

2S,800 

1580 

160 

13 

205 

197 

455 

0.00)8 

0.044 

0.106 

0.128 

0.126 

0.063 

Loas x 100 
100 p 

0.45 1.88 
-2 

0.0045(max) 1~.88 x 10 

O.41(max) 1.S8 x 10-2 

O.OOl(max) I 2.08 

2.4(max) I 
I 

2.08 

0.00022 i 1 •O)XI0 

.00065 2.9B 

0.47(max) 1.87 

i 61(max) 1.87 

i 0.26 
I 

i 6 . -2 
,4. x 10 

laSOO(max) 1.87 
I 
I 0.01 12.0 I 

0.23 i1s•a 

'0.01 6.7 x 10-2 

12 (max) 6.5 

0.76(max) 6.5 

.o.80(max) 6.5 

0.00045 8.5 x 10-3 

620 (max) 
-2 

9.7 x 10 

54(max) 
, -2 

9.8 x 10 

22 (max) -2 
9.7 x 10 

le.3(max) 9 x 10-2 

12.1 
. -2 

,6.3 x 10 

I 0.63 :1.7 x 10-3 

Z 

lIa24 

rf3 

c14 
017 

0
18 

o 

·H3 

533 

534 

535 

537 

Be
lO 

Al2S 

Cb94 

Pb205 

Pb207 

Pb
20S 

Pb209 

p;03 

Pdl05 

Pd106 

piC? 

Pd109 

Pdl11 

I 
I 

A.1 
Z 

14.8 hr 

stable 

25,000 yr 

stable 

stable 

29.4 seo 

23 yr 

stable 

stable 

87.1 days 

unknOllll 

107 yr 

2.4 min 

6h min 

data 

Will Give 
P ot 0.01 

(barns) 

3.8 x 10
4 

-j 

h.l x 105 
I 
I -
i -" 
:1.3 x 10 

720 

II 

:1.3 x 105 

J 
,1.1 x 10 

7.5 

'1.8 x 10
6 

1.4 x 108 

13.7 
ineonc1usi ve 

stable 

stable 

3.32 hr 3.8 x 104 

unknown 2.2 x 104 

stable 

stable 

data 2.2 x 10
2 

j inconclusi va 

data 3.4 x 104 
inconclusi ve 

26 min 
I 
1.5 x 109 

ot 
A .. 1 

Z 

)/g24 

-
1114 

-
-
pl 

He3 

Cl35 

Cl37 

B
10 

Si28 

1lo94 

Ti205 

B1209 

Rh103 

Ai
07 

A;09 

A;U 

cay 
Products ot 

A".l 
Z 

at able 

-
stable 

-
-

I stable 

i 
. "Ist:ble 

I 

I 
I stable 

. stable 
I 
I stable 
I 

I stable 

I stable 

stable 

stable 

stable 

stab1e(2) 

. stable 

, 7.5 days 

I 
I 

I 
I , 
, 

0.45(max) 
./ -

1.7 

-
-

0.01 

unknown 

44(max) 

0.61 

3525 

0.24(max) 

30(max) 

3.1 

\,.016 

150 

108 

i 
I ! C~ll 23,ooo(max) " stable 

.1 7!1
t192 

I 7gPt
194 

! 71!t195 

j 7!1
t196 

7sP
t19S 

0.002 

0.077 

0.090 

0.068 

O.OlS 

jl900{max) 

50(max) 

42(max) 

4.5 

4.3 

0.16 

0.16 

, 0.16 
I~ 

:1.3 x 10-2 

3.3 x 10-3 

pt193 

pt195 

pt196 

pt197 

pt199 

I 

unknown 1.3 x 104 

stable 

stable(2) 

3.3 day 
(J) 

i1.0 x 106 

31 min ;6.2 x 108 

Ir193 

Au197 

Au199 

~ stable . 650(!l1aX) 

: .tabls 105 .' 3.3 day 

H;99 .table 3000 

~v(max) after value indicates O"max ""8 calculated (cr. Section IV). 
2)Stable AgIO? possibly possesses a nuclear isomer which decays by isomeric transition with a 40 second half-life. 

Sti~,e pt196 possesses a nuclear isomer whichdecays by isomeric transit:i:on with an 80 minute half-Ufe. 
(3)pt consists of two nuclear isomers. To, maximize the poisoning effect, the longer lived one, 3.3 day, was used in the 

calcula tian. 

" 

~" 

Poisoning O"lIhlch " 
lI.les x 100 till Give 

100 p pot 0.0 
(barns) 

4.0 x 10-4 
, -

J 1.7 x 10-U 

! -
, -
4.8 :It. 10 " !, • 'I 

I 5 
.5.8 x 10 
I . : I 

· -J I : 6.1x 10 ! 
5.3 :It. 10-4 I 

, 1.4 x 10-6 . \ 

'4 1 x 10-2 : I \ • I 

2.2 x 10-2 ' j 
.' 

0.23 I 
I 
j, 

1.6 x 10-6 : 
' -3 ; 
'6.SxlO 

, -3 
',2.2 x 10 

· i 
3.2 x 10-3 , I 

I 
' 6 
; 3.6 x 10 

· 2 
il.8 x 10- I 

:4.9 x 10-2 

:6.3 x 10-4 ! 
I 

4.1 x 106 1 
I 
i 

4.5 x 10-3 

............ -----------------------
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'fable 2 

Poisoning Etfects Caused by '(D. ,2n) ReaCtions 

1 2 
A 

Z 
A-1 

Z 

U Na23 

6,f2 

6cl3 

016 
8 
rfJ17 

gOlS I 
I 

IH~ I 
l6

S I 
l:6

533 
1 

16534 ,. 

16536 

4Be9 ,I 
• 27 ~ 

13Al 

41 Cb93 

S2Pb204 

82Pb206 

Pb
207 

82 

Pb
20S 

82 ' 

Pd
l02 

46 

46Pi04 

piOS 
46 
46Pdi06 

Pdl08 
46 ' 

PdllO 
! 

46 
?gPt192 

?gPt
194 

pt195 
78 

ptl96 
78 
7gPt198 

Na22 

ell 
cl2 
015 

, 016 

017 

a1 
S31 

S32 

S3J 

sJ5 

BeS 

Al26 

Cb92 

Pb203 

Pb205 

Pb206 

Pb207 

piOl 

PdIO) 

Pdl04 

Pdl05 

PdlO? 

pi09 

I 
I 

PtI91 1 
I 

pt193 j " 

pt194 I 
I 

pt195 ; 
" 1 

pt197 

3 
TIOf 

2A - 1 
Z 

3.0 yr 

20..5 min 

stable 

126 sec 

stable 

stable 

stable 

3.2 see 

stable 

. stable 

87.1 day 

«1 sec 

7.0. see 

11 day 

data 
inconclusi ve 

data 
inconclusive 

stable 

stable 

unknown 

unknown 

stable 

stable 

data 
inconclusive 

unknown 

unknown 

unknown 

stable 

stable 

J.3 da.y(3) 

(lrSee (1) r'ootnote in Table l. 
C2 ) See seoorid footnote to Table 1-
(3)5ee third footnote to Table 1. 

4 
01 U"": to hve2p of 

0.01 
(barns) 

I 

5.1 % lel 

7.5'% 105 

1.3 % 104 

I 8 I J.O % 10 

i -
, 

-' 
. ! 

9.1 % 106 

S.J x 106 

6.0 x 10.
2 

164 

10..5 

1.4 x 10.7 

6 
1.2 x 10 

5 
4.1 x 10 

8.1 x 10.5 

2.5 x 107 

5 
6.7 x 10. 

1.8 x 107 

Ii 
Deca.y Products 
ot A"; 1 

I 
I 

Z 

Ne22 

~l 

N15 

p3l 

I 
I ci35 
! ' 

'. Hal. 

I 

, I 

Mg26 

MQ92 

Ti20J 

T12O.5 

I -
\' 

( RhlCl 
! 

Ru101 

RhlO.3 

..: 

i AiO.7 

I. Ag
I09 

I Ir19l 

i Ir19) 

I 
I 

I Au197 

6 
T of Decay 
Pfoducts of 

A-I 
z· 

stable 

stable 

stable 

stable 

stable 

stable 

stable 

stable 

stable 

stable 

unknown 

sta.ble 

stable 

stable(2) 

stable 

stable, 

stable 

stable 

'7 8 9 
4rlsotOp1c(l~ 

. (barns) '<r-l 
I<rl 0"2 to 
~1~ p of 
0.0.1 

21 

'uriknown 

- I (0..00002 

'j 

. 0..31 

I ' D.~3 
! 
I I 44 (max) 
I 
I very low 
I 

~: 

0.0.48 

2D(max) 

D.J 

3.1 

35(max} 

150. 

1CS 

000 (max) 

650 (max) 

105 

(-ba.rn~ 

3.9 x lD-~ 

I 
12.1 x 10-4 

I - ' 

5.1 % 102 

. 
16.6 x 10-1! 

14.2 x 10-4 1 

I I 
I I 
I ! 
, I 

IS.9 x 10-61 

i I 
]3.6 x 10-21 
j ! 
;1.5 I 
1 I 
:1.8 x 10.-3 , . 
• I I • 
, I 
, I 

p.30 
, , 

! 
; I , . 

. ! ! 
: i [ 11.4 x 10

7 

p.6 x 10-61 
I I 

,1.) x 10.-
4 ! 

! i 
i ! 
· I ! I 
• I 

!l.2 x 10-4 ; 
· I 
I -4' 
11.3 x 10 

14.1 x 10.-5 

19.s x 10-4 1 

1- I 
I -. I 
13.8 x 10-5 I 

\' 

I 

i 
! 
I 
i 
I 
I 

I 

i 
I 

I 
i 
I 

I 

{ 
! 
I 
I 

I 
1 
r 
I 
I 
I 
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Table J 

Poisontng Eftects Caused by (n, p)Reactions 

1 2 3 4 
A A T~ 0"'1 cr t to give 

Z (Z - 1) p 0 0.01 
l.barnsl 

2.3 
UNa Ne23 40 sec 2.3 x 107 

6 el2 tP 

I 
0.022 sec 4.2 x io1° 

Le13 

801 
1H2 

32 
16S 

s33 
16 

S34 
16 

I. 
I 

I 

B13 

6 

7 

rr-B . 

p32 

p33 . 

p34 

I 

I 

unknown 

8 sec 

unknown 

unknown 

14.30 day 

unknown 

unknown 

I 
I 

I 

4.6 x 104 

2.1 x 105 

2.4 x 103 

4.6 x 10' 

1.0 x 103 

7.0 x 104 

4 1.2 x 10 . 

-

16 S
.36 

Be
9 

4 

I' 
I 
/ p36 

Li9 

Mi7 

Zr93 

! unknown 

! unknown 

i 
I 

3.2 x 106 

-2 

Al
27 

13 

41
Cb93 

82Pb204 

82Pb206 

82Pb207 

Pb
208 

82 
pi02 

46 
46Pdl04 

46
Pi05 

Pd
106 

46 
46Pdl0S 

46
PdllO 

pt192 
78 

i 

T1
204 

Tl
206 

Tl20? 

Tl20S 

Rh102 

Rh104 

Rh
105 

Rh106 

Rh10S 

--
RhUO 

Ir192 

I 

I 
I-
I 
! 
I 

i 
! . 
! 

10.2 min 

2~5 min 

4.2.3 min 

3.5 yr 

4.76 min 

:3.1 min 

210 day 

4.2 min(l) 

36 hr 

unknown 

, data 
I inconclusive 
! I data 
i inconc1usi ve 

I data 
• inconclusive 
I 

spt194 Ir194 i data 
7 I. l' I ~nconc us~ve 

! 
l 
I 
l 

I 
I 
I 

i 
\ 

i 
I 
! 
I 
I 

7.4 x 10 

9.5 x 104 

6 
3.8 x 10 

7 2.8 x 10 

12.5 

165 
6 

1.1 x 10 
7 1.4 x 10 

S.4 x 109 

5.3 x 107 

4.0 x 105 

4.1 x 105 

S.l x 105 

7 2.5 x.l0 

5 
6.7 x 10 

7gPt195 I Il95 I unknown 5.7 x 105 

78Pt196 ,. Ir196 I data 7.5 x 105 
I ~nconc1usi va 

'198 198 I 6 
7sPt lr I unknown 2.8 x 10 

1)Rh104 ~onsists of two nuclear isomers. The maximize the poisoning 
effect, the longer lived one, 4.2min, was used in the calculations. 

, 
1 

I 
r 

I 
I 
I , 
I 
I 
I , 
I 
1 

i 
I 
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1 
A 

Z· 

llNa
2J 

6e? 
6el3 

,p16 
017 

8 

0
18 

8 

1"2 

16
s32 

!16
S33 

1bS34 

16
53b 

2 
A-3 

(Z - 2) 

y20 

&9 

Be10 

cl3 

rf4 
Cl5 

5129. 

S130 

SiJl 

! S133 
I 

l 
4&9 I 

11i'l27 ~ 
, Cb93 t 

He
6 

1

41 
204 

SZPb 

I szPb
206 

! 

18.fb207 

I 82
Pb208 

I 46Pdl02 

: 46pio4 

j pi05 
!46 

i 46
PdlO6 

Na
24 

y90 

11/°1 
Hg203 

H~04 

Hg205 

RU99 

, RulOl 

j Ru
l02 ,. 
103 Ru 

I 

\46Pdl08 \ RulO5 

I 
I i . 
I 46

PdllO i 

I ' 
Ru10? 

'J 

3 
T1.ot 

l! A -'3 
(Z -2) 

12 see 

stable 

107 :rr 
stable 

25,000 :rr 
unknown 

stable 

stable 

170' min 

unknown 

0.8 sec 

. 11 •• 8 hr 

60 hr 

stable 

fable 4 

'Poisoning Erteete Caused by (n,«) Reactione 

.1. ...L. -.L_J,~ 6, -'1. 8 --r'-,- '9-:TJ:o 
CTI80toPICWj '100 pi <rl<:r'2 to 

(barns) cr1 give p·ot 0.01 
(barns) 

Decarot Product 
ot 

A -,3 
(Z ..:(2) 

fi:Ot oeea~topid.lfIOO p 
.Pl'odueh ot I (barns) . I 0"( 

A - 3 

I 
{ 
! 
i 
i , 
t 
I 
t 
I 

t 

(Z -_21. 

7.7 x 107 .. .20 stable 2.2(ifiax) /~.3 :x 10-3, 

0.01 . r·9 
x 10.

5
1' .., I I. '.., 

• - 4.6 x'104 alq I stable 3525 ~.2x 10-
10 

-1 ' l I O.41(max .4 x 10 I . . . - , 
. -10; 

2.4." 103 ~ I stable . 1.7 .1 x 10 

- . - 14.6 x 10
2 ~5~ I stable I. ?OOOO2 ,.4 x.lO-8 

, ! I 

3.5(max) ~.5 " 10-
3

\ I I' . -

0.11 ~.6 x 10-6 , .1 ' .. 
I· - I 2.2" lob I . p31 . 'j stable I 0.23 ! 
I I 6 I .." I . I 
I 

3.2 " 10 i . p33 I .own· I, I s33 stable! 6l(~) 1l.9. " 10-
5 

! 4.0 x 106 Li6 stable t 825,111,000 
I '11.1 x 103 Mg24 stable t 0.45(ma.>:) p.4 x 10-

1 

j I . ! 
I 12.7 x 103 2r90 stable. 7.3(max) li5S x 10-1 

382o{max'l 23 -i -
data _ I' 101 n203 stable 0.3 !2.6 x 10 -2 

lnconclusi va i 
stable '0.37 ';3.1, x 10-2 I I -

I ' 
5.5 min I - 1 6.2 x 105 n 205 st~ble 3.1 ,0.67 

47(max) t.4 x 10-61 

35(max) !J.O x 10-5 I ; . 
I -7 ' 

stable 0.25 (.2 x 10 l. ! 

stable 

stable 

"i 0"'2 to 
~ve pot 

0.01 
(barns) 

1.9 x 10-7' 

3.2 x 106 

42 day . I : II 5.1 x 105 Rh103 . stable 150 i 8.1 x 10-6 . I I 
4.5 hr I 4.5 x 107 Rh105 , 36 hr ! 5.6 x 10

6 
1ft • 

t I I ,Pd
l05 l stable \ 

! data l I 8.1 x 105 i Rh107 ! unkno"'" : 8.1 x 10' 
: inconclusi ve I I ; 107 ~ " '. 5 
: I ! Pd data t 8.1 x 10 . ':- I ! I nconc lu.ive I I 

I 192 

/

7gPt 

l I! I Ai07 . 1 stab1e(2) \6.0 x 10-5 i 
I I -6 I A" ! 

0,,189 stable ! 62(mruc)~. 5 x 10 i-I I'! 
I ' ! . 

7gPt
194 

I 
17gPt

195 

17gPt196 

7gPt
198 

0.191 30 hr ' l' - 1 1 x 107 rr19l I stable looo(lllrud 1.6 x 10-3 : I I • !" : 
05192 stable ,5.3 .4 x 10-6 . ; t " 

f I I I 
Os193 17 day I' I 9.2 x 10

5
. Ir193 stable '650(max) I '.8.6 x 10-4 

195 . -6 '9" I ! 6 O. unknown 2.8 x 10 Ir- ' ,unknown , 2.8 x 10 

I· I I' I , I I pt
195 

stable I 
(1) See rootnote(l) in Table 1. 

f (2)See secom tootnote to Table 1. 
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columna 7 and 8 the decay product and its cross=section is listoedo In 
column 9» the isotopic cross-section or the isotope in column 7 is given 
whenever knowno In column 10, the poisoning 1058 x 100 divided by the 
cross-section or the (n,~) reaction,Uii, is given. In. column ll~ the 
l?;roduct of O'l: 0; necessary to give rise to a poisoning loss of 0,,01 
:;'3 listedo 

VIlo gUANTrrns OF ISO'fOPLS FORMED, 

It is possible to estimate the production or an isotope from 
its "potsoning loss", The homogE:.zneous unit, when operat.ing at the 10 Kw 

_.level, will destroy through the fission process cae 1" 1 molee U235 per 
month. Thus, any isotope causing a poisoningloBB of 0~01 will produce 
00011 moles of the new isotope per month" If the poisoning 10s8 of the 
isotope under consideratbn is multiplied by 101, the number of moles 
of the product isotope that will fonn per month in a 104 Kw unit. will be 
obtained. These calculations have been carried out for a few of the 
isotopes and are listed below: 

(1) H.3~ In one month, 0,,0:33 moles (0,,1 gm or 500 curies) of 
H3 will be prodo.ced:.fi:om the reaction ii2(n, '6 )H3 o Each gragl of deuterium 
will have OQ3 micrograms of H3 associated with it or 3 x 109 beta dis
integrations per minute • 

. -(2) 3.35 = 'The 87 day 1~S35,1, formed by 6S34(n';;)1 335 reactio~ .. 
will be produced in considerable quantity providea a reactor ~olution of 
023°4 is ~edo F'rom Table 1, it is noted that a poisoning loss of ,= 
406 x 10= is experienced in its production. This means thct 501 x 10 4 
males or 750 curies of s35 will be produced per month. Each gram of 
sulfur in the unit will have 5 microgr;;;.ms or 0.,2 curies of 5.35 associated 
with ito 

(3) p32 Similarly, provided a °25°4 reactor solution is used.» 
a considerable quantity of' the 14.3 day in P32 will be produced in tne 
solution by a S32(n .. p)p32 reaction., The p.32 thus produced will be free 
of carriero A8~uming an effect-ive cross-section for the above reacti.on 
of 0,,00.1 barn\. 7) 11 and correcting for decay, 0" 75 milligrams or 200 curies 
of 15p32 will be produced in one month. 

(4) C14 = The isotope C14 ca.n be estimated to form to the ex
tent of 1-2 micrograms/month from the c<:.rbonate reactor solution by 
(np (f) x'eaction on C13" It can also be expected to be fornled from 017 
by an (ajl do) reaction" The yield for this latter reaction is prob£:.~lY low, 
but since 017 is approximately 20 times more abundant. in the solution, it 
m.ay rt3present a s~nificant contribution. The carbon in the solution will 
be enriclled wit.h C 4 from the (n; t) reaction by about one po.rt in 106

0 

Thus, every gram of cbrbon from this solution wi.ll have associated with it 
approximately 150.,000 beta disintegrations per minuteo 

(7)VJ" E" ~:~~, estim<ited a cross-section, of 1':2 x 10~arns 
(n, p) ¥:2 reactlon in the Clinton pile ~ 

for the S32 
16 

15 . 
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(5) BelO - Considerable quantities of the 107 year BelO ~ill 

form in the reaC't.'Or tank if it is contructed of beryllium. In 2 years 
cs. 39 grams or 0013 curies of 4HelO will formo Each gram of the stable 
Be will have Oo~3 micrograms or 106 disintegrations per minute of BelO 
associated with ito 

(6) Na22 - Similarl,y the 3 year N~22 may form in the NancO 
reactor solution by the (n; 2n) reaction on~a 3~ Assuming an effectivJ 
cross-section of ~o-4 barns for the above reaction, 4,,8 'x 10=6 moles or 
0055 curies of Na 2 will form. in one month" Each gram of stable l'Ja23 will 
have 0" 05 micrograms or 504 x 107 disintegrations per minuted of Na22 
associated with it" l.lthough about 10:3 x 105 curies of Na24 w~ be pre
sent in solution at the end of one month toghether with the Na~2 and the 
stable Na23, a separation can be achieved by permitting the solution to 
cooln Vue to short hilf-life of Na24 (14~8 hours), the Na24 activity 
would drop to less than 1% that of the Na22 activity in a period of approx
imately 15 days .. 

VIIIQ CJNCLUSIONS 

On examining the results in section VII, it is seen that no 
large poisoning effect can be expected with c~rtainty from the product 
of nuclear reactions on the IIlightlf isotopes in the homogeneous pileJ' 
i"eQ, the.calculations reveal low poisoning losses in all cases where 
the physical constants are known completely. 

It, furthermore, appears unlikely that a large poisoning loss 
will be experienced in these cases in which the phYsical constants are 
not all knowno Some of these isotopes might become impol'tant,9 however.9 
if an unusually high neutron cross-section were to appear as in the case 
of Xe1:35 o Several isotopes are here listed which may merit further in-

-vestigationc 

Depending upon the yield of the (n~o<) retction On a Be9 to give 
He6 which decays with a half-life of 008

6
5eco to Li , an appreciable poi= 

soning loss may be experienced due to Li {Cic = 825b)o Even ~f the ef
fective cross-section for the (n,o<..) reaction is as low as 10- barns,a 
poisoning loss of O"Ol_will be experienced in 2 years" 

Similarly, j.f U 9 has a halt-life o~ the order of days, if the 
effective cross-section for the Be9 (n; p) Li reaction is 10-j bp.~ns3 
and if Li9 has a capture cross-section of 10 barna, a poisoning loss of 
0.01 will be experienced in 2 years< 

T1205, Tl206, Hg201, Pb205, and perhaps other isotopes fonned 
from Pb are also a~ong these isotopes which would need relatively low 
cross-sections to cause an appreciable neutron 10880 
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In general~ the isotopes formed from platinum and palladium are 
present in insufficient quantities to contribute much to the poisoning 
effect~ although they have rather large neutron crass-sectionso 

Furthermore, the unit will produce a number of "light" isotopes 
of general research interest, some of them pure and some of them. with a 
sufficient~ high specific activity to be useful for most tra~er work~ It 
may &lso produce, depending on the physical constants,? some "light!! isotopes 
hitherto unknowoo 
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